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„Wer ganz gerichtet ist auf eine einseitige Betrachtung der Erscheinungswelt, 
 wird durch die tiefe Einseitigkeit der wissenschaftlichen Bildung geblendet.  
Er erkennt nicht mehr, daß nicht die Erscheinungen selbst die Wahrheit sind, 
sondern das hinter ihnen liegende Leben;  
solches Wissen wird dann zu einem Halbwissen,  
weil es von der Erkenntnis der höchsten Wahrheit, des Ewigen, abführt.“ 
 
- Platon (427 – 348 v. Chr.)  
 
 





Table of Contents 
 
I. Short Summary ............................................................................................... VII 
II. Kurze Zusammenfassung ............................................................................. VIII 
III. Abbreviations ................................................................................................... IX 
 
1 General Introduction ......................................................................................... 1 
1.1 Transfollicular and Mucosal Vaccination: State of the Art ................................ 1 
1.2 Messenger RNA (mRNA)-Vaccination ............................................................. 9 
1.3 Nanoparticles as Non-Viral Vehicles to Deliver mRNA .................................. 11 
1.4 Interaction of Nanoparticles with Immune Cells ............................................. 14 
 
2 Aims of the Thesis .......................................................................................... 16 
 
3 Main Findings of the Thesis ........................................................................... 17 
3.1 Hemagglutinin as a Vaccine Relevant Antigen .............................................. 17 
3.2 Tracing the Transfollicular and Cellular Uptake of CS-PLGA NPs ................. 19 
3.2.1 Designing and Characterization of Plain and Fluorescently Labeled  
 CS-PLGA NPs ..................................................................................... 19 
3.2.2 In Vivo Visualization of Labeled CS-PLGA NPs in Mice using  
 Two-Photon Excitation Microscopy ..................................................... 22 
3.2.3 In Vitro Uptake Behavior of DiD labeled CS-PLGA NPs in DC2.4  
 and HaCaT Cell Line ........................................................................... 26 
3.2.4 Uptake Behavior of PLGA and CS-PLGA NPs in Primary Human  
 Immune Cells from PBMC ................................................................... 33 






3.4 mRNA-HA:CS-PLGA NPs for Transfollicular Vaccination: In Vivo  
 Adoptive Transfer in HA-Transgenic Mice ..................................................... 42 
3.5 Development of Safe and Efficient NPs to Deliver Nucleic Acids .................. 47 
3.5.1 Starch-Chitosan Polyplexes for pDNA Delivery .................................. 47 
3.5.2 Lipid-Polymer Hybrid NPs Carrying mRNA-mCherry as 
 Reporter Gene to DC2.4 Cell Line ...................................................... 51 
3.5.3 mRNA-HA:LPNs for In Vivo Adoptive Transfer in Mice:  
 Comparing Transfollicular with Subcutaneous Route .......................... 55 
 
4 Conclusion and Perspectives for Future Investigations ............................. 57 
 
5 References ....................................................................................................... 59 
 
6 Scientific Output - Original Research Papers ............................................... 74 
6.1 Preferential Uptake of Chitosan-Coated PLGA Nanoparticles by  
 Antigen Presenting Cells ............................................................................... 74 
6.2 Modelling the Bronchial Barrier in Pulmonary Drug Delivery: A Human  
 Bronchial Epithelial Cell Line Supplemented with Human Tracheal Mucus . 102 
6.3 Starch-Chitosan Polyplexes: A Versatile Carrier System for Anti-Infectives  
 and Gene Delivery ....................................................................................... 113 
6.4 Kinetics of mRNA Delivery and Protein Translation in Dendritic Cells  
 using Lipid-Coated PLGA Nanoparticles ..................................................... 135 
 
7 List of Publications, Oral and Poster Presentations .................................. 155 
8 Scientific Collaborations .............................................................................. 158 
9 Acknowledgments ........................................................................................ 159 
 
 




I. Short Summary 
 
In search for alternative strategies to replace the traditionally used syringe and needle 
for vaccine administrations and to overcome related disadvantages, the non-invasive 
approach using nanoparticles (NPs) via the transfollicular route appeared as a 
promising method to improve patient compliance. 
As a cargo for NPs, mRNA gained remarkable attention, carrying genetic information 
of different antigens, proteins or peptides. Hence, the thesis presents a detailed 
characterization of the mechanistic behind NP-penetration into hair follicles and NP-
cellular internalization. Furthermore, advanced delivery systems for mRNA delivery 
using pharmaceutical safe excipients were designed and mRNA complexed NPs were 
explored for their potential to efficiently transfect immune cells. 
In vitro transfection studies in dendritic cells revealed a high transgene expression rate 
of approx. 80% for novel developed lipid-polymer nanoparticles (LPNs) when 
compared to an established polymeric system made of PLGA with a chitosan surface 
coating (CS-PLGA NPs). 
Based on such encouraging in vitro results, mRNA encoding the influenza antigen 
hemagglutinin was loaded onto the LPNs and further characterized for their potential 
to induce effective immunity in in vivo adoptive transfer experiments using HA-
transgenic mouse. However, the lack of the expected immune response in this model 
indicated several challenges related to transfollicular mRNA-vaccination and 
consequently demand optimization strategies for this administration site to pursue 












II. Kurze Zusammenfassung 
 
Alternative Strategien zum Ersatz von Spritzen und Nadeln bei Vakzinierungen 
würden die damit verbundenen Nachteile beseitigen und somit die Patienten- 
Compliance verbessern. Der nicht-invasive Ansatz unter Zuhilfenahme von 
Nanopartikeln (NPs) über die transfollikuläre Route hat sich als eine 
vielversprechende Methode dafür gezeigt. 
Der Benutzung von mRNAs als Cargo für Nanopartikel kam eine beachtliche 
Aufmerksamkeit zu, da eine solche Technologie erlaubt unterschiedliche genetische 
Informationen von Antigenen, Proteinen und Peptiden zu transportieren. Diese Arbeit 
zeigt die Entwicklung optimierter mRNA-Trägersysteme, basierend auf 
pharmazeutisch sicher einzustufender Hilfsstoffe und beschreibt das Potenzial der 
mRNA beladenen NPs Immunzellen zu transfizieren. In vitro Transfektionsstudien in 
dendritischen Zellen zeigten eine hohe Transgen-Expressionsrate von ~80% für ein 
neuentwickeltes Lipid-Polymer-Hybrid NP-System (LPNs) verglichen mit einem 
etablierten NP-System bestehend aus PLGA und einer Chitosan Beschichtung (CS-
PLGA NPs).  
Ausgehend von diesen ermutigenden in vitro Ergebnissen wurden die LPNs mit einer 
mRNA beladen, die für das Influenza-Antigen Hämagglutinin kodiert und anschließend 
auf ihre Effektivität hin, eine Immunantwort in einem adaptiven Transferexperiment im 
Mäusemodell zu stimulieren, analysiert. Im Tiermodel konnte keine zufriedenstellende 
Immunantwort durch die transfollikuläre mRNA-basierte Vakzinierung hervorgerufen 
werden, was einer weiteren Optimierung dieser Administrationsroute bedarf um einen 
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1 General Introduction 
 
1.1 Transfollicular and Mucosal Vaccination: State of the Art  
 
Vaccination is one of the important achievements in human history to prevent and fight 
infectious diseases risking the lives of millions of people each year. For over 150 years, 
syringes and needles (fine enough to prick the skin) have been commonly used for 
vaccine administration, a method associated with disadvantages concerning the lack 
of patient compliance, safety issues evoked from needle-stick accidents or needle 
reuse, logistic constraints and needle phobia [1–3]. To meet these challenges and 
supersede the needle-usage, a variety of different needle-free methods have been 
engineered by using two major application pathways, the mucosal route and the 
transcutaneous route, both considered as attractive target sites for eliciting effective 




The skin as the biggest organ of the human body represents the body’s first line of 
defense to protect the body against pathogens, environmental stress factors, and toxic 
agents. This protective barrier function is related to the outermost “dead” layer of the 
skin, the stratum corneum (SC). The SC is a tough, hydrophobic and impermeable 
barrier and therefore represents a major challenge for drug delivery purposes. 
However, as a route of administration the skin is advantageous due to its easy 
accessibility, acceptability by patients and the prevention of obstacles associated with 
other routes (e.g. oral route). Until recently, the transcutaneous route appeared to be 
only attainable for a group of relatively small active substances with hydrophobic 
nature and beneficial physicochemical properties. As such, the skin itself comprises 
three different pathways for transcutaneous application: the transcellular, paracellular 
and transfollicular route [4]. While the trans- and paracellular pathways have been 
widely considered as the most relevant penetration routes, the transfollicular route 
(TF), which involves hair follicle and sebaceous gland was thought to play only a 
limited role for skin drug delivery [4–6]. Indeed, the TF-route has to cope with certain 
obstacles, as the drugs need to traverse the keratinocyte layers surrounding the hair 
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shaft in order to reach the epidermis and subsequently enter the circulation. This fact, 
along with the relatively small skin area occupied by only 0.1% of hair follicles, raised 
the assumption that this administration route is unworthy for future investigations [4, 
7]. Therefore, a spectrum of novel strategies to facilitate drug penetration into the skin 
barrier in a minimally invasive manner have been adopted such as microneedles [8–





Figure 1: Schematic illustration for vaccination via the mucosal and transcutaneous route. 
Mucosal vaccination aims the application of vaccines through the nasal, pulmonary, oral and 
vaginal/rectal route. Transcutaneous vaccination comprises a variety of different strategies to deliver 
vaccines to the epidermal Langerhans Cells (LCs) and dermal dendritic cells with minimal impairment 
of the protective stratum corneum barrier. Courtesy of the Helmholtz Center for Infection Research (HZI) 
of Public Relations, Guzman C.A, Lehr C.-M, Gordon S. Loretz B. Schulze, K. Yasar H. “Perspectives 
of non-invasive vaccine Delivery” HZI Research Report 2014/15, p. 63-65. 
 




Nevertheless, these techniques still rely on breaking or impeding the SC barrier, which 
makes them suboptimal for mass vaccination campaigns under critical sanitary 
conditions [15]. With the perspective to overcome this drawback of compromising the 
SC barrier, the follicular route (across the hair follicles) has recently received attention 
as a bypass option for drug delivery using nanoparticulate systems (nanoparticles, 
NPs) [16]. First studies examining the TF-route started by using liposomes in regards 
to their similarity with the properties of the sebaceous gland [17, 18]. However, 
significant progress in this field has been achieved with the growing impact of 
nanotechnology in cosmetics and drug delivery, particularly through toxicological 
studies of titanium dioxide (TiO2) microparticles (blocks UV radiation) in sunscreens 
[19]. These studies revealed that most of the TiO2 particles remained on the skin. 
However a small amount penetrated and accumulated in the hair follicles, indicating 
the potential of the hair follicle to enable drug delivery into the skin [19]. Further studies 
showed that particulate delivery systems accumulate in the hair follicle in a size-
dependent manner and facilitate a considerable depot [20], also with the perspective 
to enhance this depot-effect by optimizing the design of such the particles [21].  
Pollen grains as micron-sized particles [22] and microorganism [23] are also able to 
use the TF-route, which is why the skin represents an immunologically active site 
promising for vaccination [24]. Especially around the hair follicles, the skin displays an 
abundancy of antigen presenting cells (APCs) such as dermal dendritic cells (DCs) 
and Langerhans cells (LCs), crucial for antigen processing and presentation and 
hence important to induce effective immunity [25–27]. The existence of skin-related 
immune cells together with the potential of drug delivery using particulate systems 
through the hair follicles raised the hypothesis to use the TF-route for vaccine delivery. 
To facilitate vaccine penetration into the skin, pre-treatment of the skin using either 
cyanoacrylate stripping of the skin surface, waxing or plucking seemed to be beneficial 
and was applied in earlier studies. Even though skin stripping increases the 
permeability of the SC barrier, it also results in a stress stimulus and causes a non-
specific immunomodulation [15, 28, 29].  
Stripping still represents an invasive method. Therefore, a feasible non-invasive 
alternative without compromising the SC barrier would improve patient comfort and 
compliance. Ideally, such method would only involve some gentle massage to apply 
the particles onto the skin (Figure 2) without any chemical or mechanical pre-
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treatment and might therefore be considered as truly non-invasive. In this context, NPs 
appeared as attractive vaccine delivery systems. They are small colloidal materials 
capable to transport different active agents to desired sites of the body and can be 
easily adapted regarding physiological conditions (e.g. pH-value). Thus, NPs can be 
developed in variable sizes and morphology, surface modification and charge 
depending on the biomedical target site. Vaccine antigens comprising proteins, 
peptides, and nucleic acids represent biological entities that are challenging to handle 
due to their instability, internalization behavior by the target system and moreover their 
antigenicity. Hence, the encapsulation of those vaccine antigens into the NPs can 





Figure 2: Non-invasive approach for vaccination using NPs. To supersede the use of intradermal 
needles, nanoparticles (NPs) applied via the transfollicular route appeared as a promising alternative 
without compromising the stratum corneum layer. Due to their small size, NPs are able to migrate across 
the hair follicles inside the skin structure and interact with antigen presenting cells (APCs).  




NPs can improve antigen stability, protect them from the biological environment, 
improve cellular-internalization and tune the release profile. Baleeiero et al. [30] used 
silicon dioxide (SiO2) particles loaded with an antigen and applied them onto the skin 
prior to massaging. Following this application, particles were able to penetrate into the 
hair follicles and were internalized by the perifollicular APCs.  
 
Nevertheless, Mathes et al. [31] described the existence of tight junctions, which form 
an additional barrier within the hair follicles, preventing NPs from deeper penetration 
through the hair follicles and thus hampering their further uptake into the blood 
circulation. This observation demands the development of potent NP-systems for drug 
delivery via the hair follicles.  
 
The materials used to design NPs as vaccine-delivery vehicles must strictly follow the 
requirements of the biomedical and pharmaceutical field, in order to avoid any adverse 
effects related with the formulation. To meet the challenges of NP-application as 
delivery vehicles, the used materials therefore need to be safe, biocompatible, 
biodegradable, and manufactured in an environmentally friendly manner [32]. 
Recently, a variety of different polymeric materials obtained from natural resources 
has been formulated as vehicles to deliver vaccine components. These vaccine 
components can either be encapsulated inside the polymeric matrix or coated on the 
colloidal surface [33] by electrostatic or chemical complexation [32]. Among these 
polymers, the pharmaceutical well characterized and “generally regarded as safe” 
(GRAS) proven net anionic charged polymer, poly(lactic-co-glycolic acid) (PLGA; 
Resomer® RG 503H, 50:50) with sustained release properties and the net cationic 
charged polysaccharide chitosan (CS) appeared as attractive materials and have been 
widely investigated for drug and nucleic acid delivery [34, 35].  
 
Inspired by their properties Mittal et al. [2, 36] developed PLGA NPs and surface 
coated them with CS according to [37], which resulted in CS-PLGA NPs. Both NPs 
were produced using a modified double emulsion method, further stabilized by 
polyvinyl alcohol (PVA) and pursued for the non-invasive approach to NP-
administration onto the skin without any pre-treatment measures to test the potential 
for transfollicular vaccine delivery. Ex vivo studies in excised pig ear and in vivo studies 
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on human forearm, revealed that anionic charged PLGA NPs were found in a higher 
amount within the hair follicles when compared to cationic CS-PLGA NPs [38]. 
However, when both NPs were used to encapsulate the model antigen ovalbumin 
(OVA) and characterized in an in vivo adoptive transfer experiment using OVA-specific 
mice, both OVA-loaded NPs exhibited a higher extent of follicular localization 
compared to OVA applied as a solution [2]. An in vitro adoptive transfer experiment 
further revealed the potency of CS-PLGA NPs to first stimulate APCs and further 
induce both CD4+ and CD8+, while PLGA NPs only stimulated CD4+ T cell 
proliferation [2]. Nevertheless, a higher extent of follicular localization of OVA was 
found when delivered by both NPs in comparison to OVA-solution [2]. A subsequent 
co-administration of the adjuvant bis-(3′,5′)-cyclic dimeric adenosine monophosphate 
(c-di-AMP) with the NPs on intact skin generated the highest IgG titer and moreover a 
balanced IgG subclass ratio (IgG1/IgG2c), hence a balanced cellular and humoral 
immune response, when compared to prior tested formulations [36]. Optimization of 
the NP-system by producing inverse micellar sugar glass (IMSG) NPs allowed co-
encapsulation of c-di-AMP and OVA, which enabled stimulation of an immune 
response right after two booster vaccinations [39].  
 
In addition, some gene-based strategies focused on the immunization via the hair 
follicles, due to the presence of stem cells and lineages of dividing cells capable to 
internalize plasmid DNA (pDNA) and induce transgene expression [40–43]. However, 
the immune response of topically applied pDNA remained weak even when formulated 
into nanoparticulate systems [44–46].  
Studies using a vaccine relevant antigen against an infectious disease using the TF-















The mucosal route was considered as a further non-invasive approach delivering 
vaccines to mucosal membranes such as those of the vagina, rectum, lung, nose, and 
eye (Figure 1), as many pathogens enter the body through the mucosal tissues [3]. 
However, overcoming the mucus layer to reach the underlying tissue and further affect 
a local or systemic action is of widespread interest, and necessitated the investigation 
and optimization of NPs able to penetrate the mucus layer.  
 
Delivery vehicles must meet certain criteria to enable drug transport through the 
mucus barrier. Mucus is known to be a viscoelastic gel layer (composed with a high 
density of cross-linked and entangled mucin fibers) with limited permeability, evolved 
to protect the body by fast trapping and removing foreign as well as hydrophobic 
substances [47]. The mucins have further sialic acid-rich glycan side-chains with net 
negative charge resulting in strong interaction with positively charged particles and 
therefore their immobilization within the mucus layer [48]. As further, the mucus layer 
reveals strong variations in thickness depending on the anatomical site [49], especially 
in a disease state such as cystic fibrosis or asthma [48], which is why the development 
of efficient NP-system is no small task.  NPs have to possess a specific degree of 
hydrophilicity, should avoid adhesion to the mucin fibers and additionally need to be 
small enough for an unhindered passage through the mucin fibers [47]. Olmsted et al. 
[50] have first described the idea of mucus-penetrating NPs, when referring to the 
ability of viruses to diffuse through a mucus layer and thus studied their surface 
properties. The surface of many viruses can carry positive and negative charged 
groups in a homogeneous distribution leading to a total neutral surface charge, which 
presumably prevents mucus-interaction [51]. 
 
In light of these studies, it was hypothesized that neutral, small and hydrophilic NPs 
would cross the mucus. In order to achieve such NP-systems, NPs were functionalized 
with the hydrophilic and uncharged polymer polyethylene glycol (PEG), which was 
used as a mucoadhesive agent [47, 52, 53]. However, NP-PEGylation did not bring 
the desired success, as the effects strongly relied on the degree of PEG surface 
coverage and the length of the polymer [54]. This observation was also made for CS-
PEG nanocapsules used as an oral peptide delivery system [55].  
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Some other particulate candidates such as PLGA NPs, starch or alginate-based 
microcapsules have also been characterized as vaccine delivery systems for mucosal 
delivery, with a strong emphasis to use PLGA due to its beneficial properties [56]. 
 
Regarding the improvement in the field of nanotechnology, gene-based therapeutics 
focusing on RNA interference (RNAi) gene silencing by small interfering RNAs 
(siRNAs) have gained strong attention for mucosal delivery. Thus, Martirosyan et al. 
[57] prepared siRNA loaded CS-NPs to cross the mucosal layer. However, gene-
based strategies remain challenging with low efficiency for mucosal delivery, as the 
NPs first need to overcome the mucus barrier and further transfect the underlying 
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1.2 Messenger RNA (mRNA)-Vaccination 
 
Traditionally administered vaccines include live attenuated (weakened versions of the 
pathogens), inactivated (killed pathogens) or subunit vaccines (antigenic fragments of 
pathogens best stimulate the immune system) to combat infectious diseases [58, 59]. 
However, these vaccines show several restrictions as they primarily induce humoral 
immunity, which is disadvantageous against pathogens able to evade the adaptive 
immune response and additionally not applicable for immunocompromised individuals 
[58, 60]. A major drawback represents their limited application against fast emerging 
viruses, for which rapid development and large-scale deployment of vaccines are 
urgently required, and further against non-infectious diseases such as cancer [60].  
In the search for alternative options, gene-based vaccination came initially into the 
focus of research, when Wolff et al. [61] injected pDNA and messenger RNA (mRNA) 
in vivo into mouse skeletal muscle resulting in efficient transgene expression. 
Nevertheless, using mRNA as vaccines was no longer proceeded due to the 
abundance of present ribonucleases (RNases) in the body [62], leading to mRNA 
instability and inefficient in vivo delivery, its high innate immunogenicity [60] and 
additionally its net negative charge preventing passive cellular entry [63]. Thus, the 
biomedical field continued with DNA (particularly pDNA) or protein-based 
therapeutics. 
Despite the promotion of DNA-based vaccination in the past decades, there are still 
no products approved for human application, which is likely referable to several 
drawbacks associated with pDNA. As such, it is considered as an unsafe method for 
the use in humans, as it needs to cross the nuclear envelope for efficient transgene 
expression, which can further lead to genomic integration and hence harmful 
mutations [64, 65]. This additionally results in an unpredictable pDNA-protein 
expression, which can be transient but also last for months [66].  
 
Therefore, mRNA-based vaccines using either non-replicating mRNA or virally 
derived, self-amplifying RNA (replicon) appeared as innovative, promising and safe 
alternative strategies, preventing the disadvantages mentioned above of pDNA 
application [60, 67]. Thus, mRNA does not integrate into the host genome and avoids 
nuclear entry, so that the transgene expression starts within the cytoplasm, which is 
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known to be relatively transient and consequently induces high rates of protein 
expression [68]. It is therefore a favorable safe cargo, specifically for non-dividing cells 
such as macrophages and DCs compared to pDNA, making it a beneficial candidate 
for immunological applications. Non-replicating mRNA is transient since the transgene 
expression is limited by the mRNA life-time. Moreover, it can deliver a spectrum of 
different antigens, proteins, peptides or cell-signaling factors and simultaneously 
exhibit self-adjuvanting properties by binding to pattern-recognition receptors like 
TLR7, to activate the cellular arm of the immune system [69, 70]. 
Once the mRNA is delivered to the cytosolic compartment of phagocytic cells, the 
encoded antigen is translated into its native form and subsequently cleaved by 
proteasomes to peptide-fragments. Those fragments further enter the endoplasmic 
reticulum (ER) from where they are loaded onto the major histocompatibility complex 
class I molecules (MHC-I) [69] and presented at the cell-surface to CD8+ T [65] helper 
cells (Th1). It is further possible that cleaved peptide-fragments can bind onto MHC 
class II molecules (MHC-II) and moreover presented to CD4+ T helper cells (Th2) and 
induce specific B-cell activation [65]. Protein or peptide-based vaccines lack this 
mRNA-based advantages, but contrarily they do not need to escape from the 
endosomes to be presented on MHC-II [69]. 
To benefit from mRNA-related advantages, several technologies were applied to 
improve the intracellular and extracellular mRNA-stability and enable the use of mRNA 
as cargo. The intracellular stability and therefore the subsequent translation was 
enhanced by structural modification on the 5’ cap analogue, the poly(A) tail and 
untranslated regions (UTRs) of the mRNA [71, 72]. A strategy for extracellular mRNA-
stability was encapsulation of mRNA within delivery systems such as viral or non-viral 
vectors to enable mRNA-protection under physiological conditions. Viral vectors were 
initially preferred regarding their natural efficiency to transport nucleic acids, but 
adversely showed limitations associated with a higher immunogenic effect, 
production-related difficulties [69] and vector-size limitations. Thus, non-viral vectors 
comprising liposomes, polymeric or inorganic NPs appeared to be ideal carrier 
systems. Despite their lower immunogenicity over viral vectors, they contrarily 
revealed lower transfection rates and hence need an appropriate optimization for an 
efficient mRNA-transport to the intracellular compartment.  
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1.3 Nanoparticles as Non-Viral Vehicles to Deliver mRNA 
 
The achievements in Nanotechnology gave rise upon the engineering and design of 
suitable nanoparticulate systems and thereby replaced traditional viral vectors. In light 
of these advances, a broad-spectrum of biomaterial-based NP-systems comprised of 
lipids (liposomes) [73–76] and polymers or polysaccharides (e.g. CS-PLGA NPs, 
starch-based polymer complexes termed as polyplexes) [77–80] were manufactured 
for mRNA-delivery, with both having a cationic surface potential enabling facile 





Figure 3: Selected examples of main groups for non-viral delivery of mRNA. (A) Lipid-based 
(liposomes) (B) polymer-based, (C) coacervates (polymer complexes; polyplexes) and (D) lipid-polymer 
hybrid nanoparticles (NPs). 
 
The driving force leading to the formation of such nanoplexes is always based on the 
electrostatic interaction of an anionic polynucleotide and the cationic NP (Figure 4 A), 
which is either realized by the cationic head group of the lipid or the cationic amine 
group of the polymer as we described previously [32, 81]. Furthermore, complexation 
of mRNA onto the surface of nanoparticles has several advantages, as this procedure 
protects the mRNA from being exposed to harsh conditions during NP-production and 
additionally protects against RNases. As further, Su et al. [82] hypothesized beneficial 
release-kinetics of surface-loaded mRNA with a fast release upon certain physiological 
triggers compared to encapsulated mRNA and increased stability when compared to 
naked mRNA. 




Despite the significant progress attained by these approaches in vivo and in vitro [63, 
82, 83], appropriate NP-systems with high transfection rate and at the same time 
reduced cytotoxicity [84] remain crucial for mRNA-delivery. Cartiera et al. [85] studied 
the uptake-pathway of NP-systems and observed a strong co-localization of polymeric 






Figure 4: Cationic NPs complexed with mRNA internalized into cells. (A) Complexation of net 
anionic mRNA onto the surface of cationic NPs via electrostatic interaction. (B) mRNA complexed NPs 
(mRNA:NPs) are uptaken by cells using the endosomal pathway and finally released from the 
lysosomes followed by the translation of the encoding protein. 
 
This further makes mRNA-delivery challenging since the particulate system needs to 
preserve functionality while transporting the mRNA through subcellular compartments. 
As such, the NP-systems need to overcome the cellular membrane to enable efficient 
cellular-uptake and further preserve the functionality of the mRNA in the acidic 
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conditions of the lysosomes. The NP-systems also need to escape from the lysosomal 
compartment and allow sufficient mRNA-release with subsequent protein translation 
within the cytoplasm (Figure 4 B).  
It has been proposed that polymeric transfection systems with good pH-buffering 
capacity – a process known as “proton sponge effect”- play an important role in 
achieving a successful endosomal escape [86]. Hence, this property of transfection 
systems has to be taken under consideration when developing new carrier systems. 
Among the common mRNA-delivery systems, a new class of NPs entered the focus 
of research that combines the favorable features of both, lipids and polymers [87]. This 
new class is termed as lipid-polymer hybrid NPs (LPNs). LPNs were originally carried 
out as vehicles for siRNA [88–92] and pDNA [93, 94], whereas their use as vehicles 
for mRNA only recently started to be conducted in investigations. They usually consist 
of a negatively charged polymeric core surrounded by a shell of positively charged 
lipids. Jensen et al. [92] designed LPNs for siRNA-delivery by using PLGA as the 
polymeric-core and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP 
supplemented with the helper lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) as lipid-surface layer. The incorporation of helper-lipids aims to reduce 
agglomeration of the lipid-system and further to improve the endosomal escape [95]. 
As such, Su et al. [82] designed a phospholipid coated poly-(β-amino ester) (PBAE) 
hybrid system and obtained a transfection rate of up 30% tested in a dendritic cell line 
(DC2.4), while Perche et al. [96] achieved a high protein translation rate with approx. 
60% using mannosylated histidylated lipoplexes. The transient translation of mRNA 
and hence the kinetics have been of a further focus of investigation, as the knowledge 
of such would aid the manufacturing of precision medicines. Therefore, first studies 
evaluating the mRNA transient course were described by Leonhardt et al. [78] using 
eGFP coded mRNA complexed with the commercially available transfection reagent 
Lipofectamine®. When these particles were exposed to the human alveolar epithelial 
cell line (A549), mRNA transgene expression reached its highest peak level shortly 
after 3 h of post-transfection. A similar observation was made in DCs when Stemfect® 
was used as transfection reagent [75]. The research field of using mRNA as cargo is 
fast emerging and holds strong potential for vaccination or therapeutic application. 
However, safe and efficient mRNA:NP-systems with detailed characterizations of the 
mechanistic behind the cellular-internalization and especially their translation kinetics 
is still missing but highly demanded for an eased enter into clinical trials. 
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1.4 Interaction of Nanoparticles with Immune Cells 
 
Nanoparticles gained remarkable attention as promising and novel approaches for the 
treatment of various diseases, in particular where commonly applied therapeutic 
interventions encountered obstacles due to their low efficiency. As such, NPs have 
been widely studied for vaccination purposes [58], gene therapies [97], 
immunotherapies [98] and diagnostics [99]. However, their favorable physicochemical 
properties and the potential to cross biological barriers raised safety concerns upon 
application of nanomedicines as they may freely move throughout the body [100, 101]. 
It has been widely reported that NPs may cause adverse effects when entering the 
human body as they get inevitably in contact with human immune cells and may cause 
undesirable immunomodulatory effects [102, 103].  
 
Kononenko et al. [101] summarized a variety of different NP-systems made of 
inorganic materials such as SiO2, TiO2 or iron oxide (Fe2O4) used for in vitro or in vivo 
studies and reported either pro- or anti-inflammatory effects, suppression of the 
humoral immune response, activation of the complement system or stimulation of 
allergic reactions. However, NPs for pharmaceutical applications should rather act as 
inert delivery systems with no adverse interaction with the immune system.  
 
As further, Lunov et al. [104] undertook a first attempt in studying the uptake behavior 
of functionalized polystyrene NPs by human macrophages and monocytic cell lines. 
The authors concluded that the extent of NP internalization, kinetics of uptake and 
uptake mechanism might strongly differ between primary cells, phenotypically related 
tumor cell lines and differentiated tumor cells. They further reported a dependency on 
NP’s surface charge and serum protein opsonization on these processes. As this cell 
line model might not be applicable on primary and differentiated cells, an adequate 
understanding about the NP interaction with primary immune cells and their 
immunological outcome is highly demanded. Therefore, human peripheral blood 
mononuclear cells (PBMC) were used as such models, which reflect an advanced 
ex vivo model for predicting the outcome of novel therapeutic interventions. They 
additionally represent the pathophysiological state of the immune cells better than 
tumor cell lines. 




PBMC are obtained from buffy coats of blood donors using Ficoll density gradient 
centrifugation [105], which enables the separation between erythrocytes (red blood 
cells) and lymphocytes (white blood cells) further used as PBMC. They are composed 
of different immune cell types such as T cells (~70%), B cells (~15%), natural killer 
cells (NK cells; ~10%), monocytes (macrophage or dendritic cell precursor; 5%) and 
DCs (~2%) [106, 107]. Depending on the donor’s disease state and applied treatment, 
the frequencies of each cell subset can significantly differ [108].  
 
NP-systems can be internalized by cells via five different internalization routes such 
as phagocytosis (via mannose receptor; MMR), macropinocytosis, clathrin-mediated, 
caveolin-mediated and clathrin-caveolin-independent endocytosis [109]. Electrostatic 
interaction between some cationic nanoparticles with anionic sialic acid groups on the 
cell surface may facilitate their cellular-uptake. However, as T and B cells belong to 
the class of non-phagocytic cell types, any upcoming particulate system will be caught 
in the first line by the phagocytic cell types (macrophages or DCs).The MMR-mediated 
phagocytic pathway on macrophages leads to a more rapid uptake of charged and 
larger particles over smaller and neutral ones [110]. Thus, this cell type represents the 
first line of defense acting as a scavenger for foreign materials.  
 
A cell-specific uptake and cell activation of monocytes isolated from PBMC was 
reported, when cells were exposed to silver NPs [111]. Furthermore, PBMC showed 
a stimulation upon treatment with TiO2 NPs [112]. Toa et al. [109] used human PBMC 
for the characterization of NP-induced immune responses and NP-internalization 
behavior for their CS-coated alginate submicron vesicles. These vesicles revealed a 
preferential internalization by monocytes compared to non-phagocytic cell types and 
further induced no immuno-toxicological effect when different cell surface markers 
were used to quantify the activation state of these immune cells. However, adequate 
mechanistic information about the NPs-interaction with and the influence on human 
immune cells are still lacking. Especially, the interaction between the aforementioned 
PLGA and CS-PLGA NPs that are widely used for biomedical research and of 
particular interest for the intended transfollicular vaccination, and the players of the 
immune systems needs further investigation. This raised the question of how these 
charged NP-systems would interact with immune cells. 
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2 Aims of the Thesis 
 
Based on the introductory part regarding the previous studies, we can conclude that 
NPs have shown their potential as a non-invasive approach for transfollicular 
vaccination without compromising the outermost protective barrier (stratum corneum) 
of the skin and induced an effective immune response when OVA was encapsulated 
as model antigen. Following up on these studies, the major aim of this thesis was the 
substitution of the model antigen with a vaccine-relevant antigenic fragment of the 
influenza virus, hemagglutinin (HA), within the NPs and stimulating a protective 
immune response in mouse against viral infections. To achieve this goal, two different 
cargos employing either the antigen hemagglutinin or a gene-based cargo using 
mRNA encoding for hemagglutinin were used. We herein considered the mucosal 
route as a back-up option for non-invasive delivery.  Depending on the selected cargo 
and the route of administration, four different challenges had to be overcome, which 
are crucial for the success and application of the NP-based vaccination strategies:  
 
(i) Preparation of NPs based on pharmaceutical safe excipients and their further 
characterization regarding physicochemical properties, stability, structure and 
morphology 
 
(ii) Visualization of NP-penetration along the hairs of mouse in vivo followed by an 
adequate understanding about the mechanistic behind NP-cellular internalization 
and NP-interaction with human tracheal mucus. 
 
(iii) Development, optimization and characterization of novel NP-systems for nucleic 
acid-delivery and complexation with mRNA encoding for a reporter gene or real 
antigen (HA), following in vitro assessments in a dendritic cell line of mouse origin 
for mRNA encoding the reporter gene. 
 
(iv) In vivo adoptive transfer experiments to evaluate the potential of mRNA-HA 
complexed NPs to induce an effective immune response via the TF-route and in 
comparison to subcutaneous route. 
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3 Main Findings of the Thesis 
 
3.1 Hemagglutinin as a Vaccine Relevant Antigen  
 
Previous studies have demonstrated that vaccines can be delivered across the intact 
skin without compromising the outermost SC layer by employing NP delivery systems 
based on pharmaceutical save excipients. For this purpose, NPs composed of the 
biodegradable and biocompatible polymer PLGA have been produced with and 
without a surface coating of the polysaccharide CS and loaded with the model antigen 
OVA [2, 36].  
 
Thus, when both NP-types were tested in an in vivo mouse model, OVA loaded CS-
PLGA NPs appeared to be more effective in inducing an immune response via the TF-
route and caused similar proliferation rate of CD4+ T cells like intramuscular injection 
[36]. Furthermore, TF immunization elicited even a balanced humoral and cellular 
immune response when OVA loaded CS-PLGA NPs were co-administered with c-di-
AMP as adjuvant [36]. Following optimization of the NP-system, IMSG NPs were 
developed, which allowed co-loading of OVA and c-di-AMP. This composition and 
enabled higher stability of the antigen, enhanced follicular uptake and additionally the 
generation of an immune response after only two booster vaccinations in mouse [39]. 
 
Impressed by such data, we therefore choose to pursue the non-invasive and needle-
free TF-vaccination strategy by using the viral antigen hemagglutinin (HA) as cargo 
for the NP-system providing the opportunity to investigate the ability of the NP-system 
to stimulate protective immunity against viral infection in a clinically relevant manner.  
 
The importance of HA for vaccination relates to its function as one of the glycoproteins 
on the influenza virus membrane responsible for the recognition and attachment of the 
virus to sialic acidreceptors on the host-cell with subsequent viral internalization [113, 
114]. Thus, a vaccine containing HA as antigen would cause the production of specific 
neutralizing antibodies that block virus entry [114] and thereby reducing viral infectivity.  
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Hence we wanted to replace the model antigen OVA against the real antigen HA within 
the NP-system and investigate their effectivity in HA-transgenic mice in cooperation 
with the Department of Vaccinology and Applied Microbiology at the Helmholtz Center 
for Infection Research (HZI) in Braunschweig. A further collaboration was settled with 
the Department of Structure and Function of Proteins at the HZI to produce the HA-
antigen. In that regards, HA-production was attempted following two different 
strategies by focusing on either the baculovirus expression system [115] or a cell-
culture based system employing HEK-293 cells [116], both known to be potent in the 
production of recombinant proteins. However, when pursuing either method, obtaining 
cost-effective HA-antigen at high scales necessary for the encapsulation inside the 
NP-system, was unattainable concerning production-related challenges. As thus, the 
baculovirus system provided only little amount of 2 mg/L non-glycosylated HA, while 
HEK-293 cells enabled scaling up to 22 mg/L of glycosylated HA. Nevertheless, the 
glycosylated HA revealed a non-immunogenic effect and further induced difficulties 
within the purification procedure.  
 
Therefore, the production of the HA-antigen was cancelled at this stage, which 
influenced the initial objective of the project. This led to  a switch within the objective 
of the project towards nucleic acid delivery, in order to carry specific genetic 
information by designing appropriate NPs. However, in the first step, a profound 
understanding of the mechanistic processes between NP-interaction within hair 
follicles and further NP-cell internalization was undertaken. Subsequently, a 
messenger RNA (mRNA) encoding the HA-antigen (mRNA-HA) was complexed with 
the cationic CS-PLGA NPs (mRNA-HA:CS-PLGA NPs) and evaluated for their 
potential to induce an immune response during in vivo adoptive transfer (see chapter 
3.4). As mRNA-HA:CS-PLGA NPs did not cause an immune response when applied 
to intact skin, an attempt was made towards optimization of the nanoparticles for 
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3.2 Tracing the Transfollicular and Cellular Uptake of CS-PLGA NPs 
 
3.2.1 Designing and Characterization of Plain and Fluorescently Labeled CS-
PLGA NPs 
 
As described before NP-systems showed their potential to cross the skin barrier by 
penetrating into the hair follicles [20, 30, 38] and they could also effectively interact 
with the perifollicular antigen presenting cells (APCs) by causing an effective immune 
response [36]. However, less is known about NP-internalization behavior with skin 
cells and immune cells. Detailed knowledge regarding transfollicular and cellular 
uptake is crucial for future non-invasive vaccination studies via hair follicles permitting 
a better optimization of the NP-system for this application route. In order to visualize 
their penetration behavior, plain and drug-free CS-PLGA NPs were chosen within 
these studies, as they appeared to have a favorable safety and efficiency profile. 
Additionally to that, CS-PLGA NPs showed their efficiency to deliver OVA and were 
expected to be a suitable candidate for HA and mRNA-loading. This NP-system 
enables the incorporation of a variety of different fluorescence dyes within the PLGA-
core important for fluorescence microscopic visualization techniques e.g. confocal 
laser scanning microscopy (CLSM) for in vitro or two-photon excitation microscopy 
(TPEM) for in vivo experiments. Two different types of dyes have been included to the 
NP-system and tried for the visualization studies. In the first step, plain CS-PLGA NPs 
have been prepared using a modified double-emulsion solvent evaporation method [2, 
37, 81].  
 
Fluorescently labeled NPs were then either prepared by chemically coupling PLGA 
with fluoresceinamine (FA, λext = 490 nm and λem = 525 nm) according to Weiss et al. 
[117], or by incorporating 15 µg/20µL of a lipophilic dye, 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DiD, λext = 644 nm and λem = 665 nm) to 
the initial PLGA organic phase [36].  
Produced plain (CS-PLGA) and fluorescently labeled (CS-FA-PLGA or DiD_CS-
PLGA) NPs were then thoroughly characterized for their morphological shape using 
Transmission Electron Microscopy (TEM) or Scanning Electron Microscopy 
(SEM).The physicochemical properties regarding hydrodynamic size, polydispersity 
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index (PDI) and ζ-potential were evaluated by using dynamic light scattering (DLS). 
All samples for the TEM-visualization were further stained with 0.5% wt/V 
phosphotungstic acid (PTA) prior to visualization to improve the contrast of TEM-
images [32, 48]. 
 
As the morphology [118] and physicochemical properties [84] of the NPs are crucial 
for their cellular performance, these parameters were taken into consideration, when 
exploring the follicular and cellular NPs-internalization behavior. Plain and 
fluorescently labeled NPs indicated a smooth and evenly shaped spherical surface 
morphology (Figure 5 A - C) and a monodisperse size distribution following a PDI of 
~0.1 (Figure 5 D).  
 
While all NPs reveal a non-significant hydrodynamic size of approx. ~160 nm, the ζ-
potential decreased from approx. +29 mV (for plain and DiD labeled NPs) to +10 mV 
when PLGA was covalently coupled to the FA-dye (Figure 5 D). This observation may 
relate to the fact that FA-conjugation to the PLGA carboxyl group decreased the 
overall PLGA anionic charge and as the chitosan coating is mainly charged driven, a 
smaller quantity of chitosan could bind to the PLGA surface, resulting in the reduction 























Figure 5: Morphological and physicochemical characteristics of plain and fluorescently labeled 
CS-PLGA nanoparticles (NPs). (A – C) Transmission Electron Microscopy (TEM) and Scanning 
Electron Microscopy (SEM) images indicating a spherical and evenly shaped surface morphology. (D) 
Irrespective of fluorescence labeling, all NPs reveal a similar hydrodynamic size and PDI with a cationic 
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3.2.2 In Vivo Visualization of Labeled CS-PLGA NPs in Mice using Two-Photon 
Excitation Microscopy  
 
The permeation of CS-PLGA NPs into the hair follicles was visualized in vivo in living 
mice in cooperation with the Department of Vaccinology and Applied Microbiology 
from HZI and the Institute for Molecular and Clinical Immunology, Otto-von-Guericke-
University of Magdeburg. Here, questions of how deep the NPs penetrate through hair 






Figure 6: Schematic illustration of NP-penetration inside the skin structure. Labeled NPs were 
applied by gentle massaging onto the ear of living mice as application site and NP-penetration was 
visualized using Two-Photon Excitation Microscopy (TPEM) after 3.5 or 24 h. 
The NP-permeation within the pilosebaceous unit (comprised of hair follicle and 
sebaceous gland [119]) was observed by Two-Photon Excitation Microscopy (TPEM), 
a type of non-linear microscopic technique [120] that allows the noninvasive 
characterization of biological samples in three dimensions with high-resolution [121]. 
It is an appropriate technique for the three-dimensional and deep in vivo visualization 
of cells and tissues particularly for intact thick samples (e.g. skin) as an alternative to 
confocal microscopy, in which the penetration-depth is limited due to out-of-focus 
background signal [121–123]. However, as the TPEM requires the excitation of two 
photons, optimal TPE-wavelength for the excitation of fluorescence dyes is obtained 
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by doubling the maximal excitation wavelength (λmax/ext) of a single-photon [124] 
resulting in higher laser intensities. Consequently, a green fluorophore like FA with 
λmax/ext = 490 nm would have a TPE-wavelength of below 1000 nm in the infrared 
spectrum. However, many dyes (e.g. DiD) reveal deviation from this rule [124]. Thus, 
DiD, a far-red dye has a TPE-wavelength of 817 nm [125]. Furthermore, the 
application of higher excitation wavelengths may lead to strong autofluorescence 
within the biological sample, making the selection of suitable labels indispensable.  
The experiments have been further conducted using C57BL/6 albino mice as the 
expressed melanin in the skin of C57BL/6 mouse would cause an interaction with the 
laser light resulting in skin burn.  
In order to evaluate the extent of autofluorescence, an untreated and anesthetized 
mouse was placed under TPEM and the skin was excited with a laser of 850 nm. The 
skin was then visualized from the surface to a depth of approx. 50 µm and the obtained 
fluorescence microscopic images exhibit autofluorescence of a variety of different skin 
components (Figure 7). Here, the hair shaft can be recognized as a straight cylindrical 
shape having green autofluorescence and the keratinocytes in yellow by their 





Figure 7: TPEM-images of untreated mouse skin. Thefigure shows  indicate a z-stack images 
covering a depth of approx. 50 µm of untreated mouse skin with a TPEM-wavelength of 580 nm. Green 
autofluorescence represents the hair follicle and the keratinocytes of the skin can be seen in yellow. 
Data kindly provided by Dr. Andreas Müller and Simon Delandre. 
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The autofluorescence may relate to the high laser power used in TPEM [127], which 
emanates the excitation of endogenous chromophores in the skin structure such as 
flavoproteins and reduced pyridine nucleic acids [128]. As the hair shaft showed a 
green autofluorescence, CS-PLGA NPs labeled with the green FA-dye could not be 
used for the in vivo visualization study. Therefore, the dye was exchanged with the 
lipophilic dye DiD and thus DiD-labeled CS-PLGA NPs (Figure 5) have been further 
used for in vivo imaging. As thus, a volume of 20 µL DiD-labeled CS-PLGA NPs (2 
mg/mL) was applied onto the ear of a living mouse without any pre-treatment and only 
by gently massaging for 2-3 min. The excess of NPs was removed afterwards, and the 
mouse was then placed under the TPEM microscope followed by recording the NP-
penetration into the skin-structure after a predetermined time of 3.5 h or 24 h (Figure 
8). The TPEM images clearly showed a penetration and a further accumulation of DiD-
labeled CS-PLGA NPs (~150 nm) around the hair follicle 3.5 h after application (Figure 
8 A). Deeper penetration and higher accumulation of DiD-labeled NPs was observed, 
when the skin was visualized after 24 h of NP-application (Figure 8 B). This NP-
accumulation can be attributed to the creation of a depot-effect within the 
pilosebaceous unit, particularly favorable for various therapies, in which the 
encapsulated bioactive compound can benefit from the follicular reservoir to achieve 
the desired release profile. Previous studies discussed similar observations when TiO2 
microparticles were applied onto the skin, were a small amount penetrated as well as 
accumulated in the hair follicles in a size-dependent manner and facilitated a 
considerable depot-effect [19, 20]. The remaining of NPs within the follicular reservoir 
may relate to the slow clearance rate by sebum flow and hair growth [38].  
When visualizing deeper skin areas, DiD-labeled CS-PLGA NPs seem to be restricted 
from further diffusion into the skin layer resulting in stronger localization around the 
keratinocytes (Figure 8 B, lower panel). Besides the fact that the outermost SC 
barrier is important for the protection of the body from external pathogens, the skin 
consists of so-called tight-junctions (TJs) forming a further inside-out barrier in the 
epidermis [129]. The existence of TJs presumably prohibited the diffusion of the 
applied NPs from the follicular space into the deeper viable epidermal layers. Mathes 
et al. [31] described comparable observations by characterizating the permeation 
behavior of polymeric nanoparticles of similar size like CS-PLGA NPs with TEM and 
found a distinctive NP-localization in the upper part of the HF with only a few NPs 
penetrating deeper into the regions of  the TJ-barrier. 






Figure 8: NP-penetration to the hair follicle and distribution behavior within the skin structure. 
Labeled NPs are represented in magenta and accumulate either (A) after 3.5 h around the hair follicle 
(blue arrow) or (B) penetrate deeper inside the skin structure after 24 h of NP-application causing a 
depot-effect (blue arrow in 23 µm depth). The NPs are further restricted in the diffusion through the skin 
as indicated by the blue arrow in the lower panel. Data kindly provided by Dr. Andreas Müller and Simon 
Delandre. 
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3.2.3 In Vitro Uptake Behavior of DiD labeled CS-PLGA NPs in DC2.4 and HaCaT 
Cell Line 
 
Overcoming the protective SC barrier by successful permeation through the hair 
follicles is one of key hurdles for NPs in order reach the APCs in the epidermis via the 
transfollicular route [15]. Especially for mRNA-based vaccines, NPs further need to 
enter the cellular membrane and induce a protein expression with a subsequent 
presentation of protein-fragments on their surface and activation of T-cells. Therefore, 
this study assesses the cellular-internalization behavior of the DiD labeled CS-PLGA 
NPs in skin-related cells. A bone marrow derived dendritic cell line from mouse 
(DC2.4) as APCs and further a human keratinocyte cell line (HaCaT, non-phagocytic) 
were thoroughly characterized for their cytotoxicity and uptake behavior upon 
exposure to CS-PLGA NPs. 
 
It is widely known that cationic NPs have a higher tendency to cause cytotoxic effects 
[130] based on the enhanced interaction of  partially positive charged particles with 
the anionic charged cell membrane which also facilitates cellular uptake [131]. Thus, 
to ensure, that the used NP-system is safe, the cell viability of skin-related cells was 
determined upon exposure to plain CS-PLGA NPs for 4 h and at increasing 
concentrations between 10 – 160 µg/mL. A live-dead staining kit was used for DC2.4 
cells, previously mentioned in Yasar et al. [81] and the percentage of viable cells was 
quantified by flow cytometry using heat-killed cells as positive control. The viability of 
HaCaT cells was measured as described in Yasar et al. [32] with a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT)-assay using Triton X as 
a positive control. Under such conditions, both cell lines revealed high values of cell 









Figure 9: Cell viability of DC2.4 and HaCaT cells upon NP-exposure for 4h. Cell viability of (A) 
DC2.4 cells assayed with a live-dead staining kit and (B) HaCat cells by using a MTT-assay. N = 3, 
mean ± SD. 
 
In order to confirm the cellular-localization of the NPs, we continued to use DiD-labeled 
CS-PLGA NPsat increasing concentrations (10 – 500 µg/mL) and treatedDC2.4 and 
HaCaT cells for 2 h at 37°C by slightly shaking. The effect of NP-internalization was 
quantified by flow cytometry by measuring the percentage of red fluorescent positive 
cells and the mean fluorescence intensity (MFI).  
The dendritic cells showed a fast and significant higher internalization of fluorescently 
labeled NPs with ~90% positive cells for all tested concentrations above 30 µg/mL, 
while the keratinocytes only indicated cellular-internalization of ~40% at very high 
concentrations starting at 160 µg/mL (Figure 10 A, B). Fruthermore, a comparably 
less fluorescence shift was detected for keratinocytes (Figure 10 C, D). We made 
similar concentration-independent observations for dendritic cells when CS-PLGA 
NPs were fluorescently labeled with FA (CS-FA-PLGA NPs) and additionally analyzed 
the kinetics of cellular-internalization after 2 and 4 h of NP-incubation [81]. Here, DCs 
further revealed time-independent particle-uptake. This behavior of NP-internalization 
within the used cell lines relates to their cellular function. DCs belong to phagocytic 
and professional antigen presenting cells able to recognize and endocytose foreign 
material (pathogens), which leads to their maturation followed by a down-regulation of 
phagocytosis [132]. Therefore, the immature state of DCs is correlated with a higher 
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uptake-activity in comparison to the non-phagocytic cells [131]. The phagocytic activity 





Figure 10: Cellular-association of DiD labeled CS-PLGA NPs. Fluorescently labeled CS-PLGA NPs 
were incubated for 2 h and quantified with flow cytometry for their cellular-internalization behavior. (A) 
Mean fluorescence intensity (MFI) upon NP-exposure at different concentrations and (B) DiD positive 
cells. Representative graphs depicting a concentration-dependent fluorescence shift for (C) DC2.4 
cells, while (D) HaCaT cells only reveal a strong shift at higher concentrations. N = 3, mean ± SD. 
 
To distinguish between cellular-association and real uptake of CS-PLGA NPs, DC2.4 
and HaCaT cells were incubated with DiD_CS-PLGA NPs for 2 h at 37°C and 
visualized by CLSM. The NP-excess was removed and cells were washed by using 
Hanks’s Balanced Salt Solution (HBSS-buffer, pH 7.4). Cell membranes were stained 
with fluoresceine labeled germ agglutinin (WGA, 10 µg/mL) linked to Alexa Fluor 488 
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fluorescent dye, fixed with 3% paraformaldehyde.Cell nuclei were afterwards stained 
with 4′,6-diamidino-2-phenylindole (DAPI, 0.1 μg/mL). Cells without any treatment 
were used as a control. CLSM-images were acquired with a 64x water immersion 
objective at 1024 x 1024 resolution and presented either a 3D or a vertical section 
(cross-section) across a specific region of the sample. Different image-representations 
were necessary for a decent assessment of NP-uptake within the cells. 
 
After cells were washed with HBSS-buffer to remove remaining NPs, still a high 
amount of fluorescently labeled DiD_CS-PLGA NPs were evident in the images either 
strongly attached to the cell membranes or by causing a strong background signal 
worsen the image-quality (Figure 11). Thus, the internalized NPs could not be 
distinguished from NPs adsorbed to the cell membrane. We, therefore, used a method 
described by Bishop et al. [133], where heparin was added to the buffer and further 
used as the washing buffer. This method was slightly adapted for our experimental 
settings.  
 
Here, DCs were exposed to labeled NPs as mentioned above for 2 h and the excess 
of NPs were removed by incubating the cells afterwards for 5 min (repeated twice) 
with cooled HBSS-buffer supplemented with heparin (100 Units/mL) followed 
bywashing steps with pre-warmed HBSS alone. Using cooled buffer would prevent 
endocytosis [133] of NPs. The obtained confocal-images with the HBSS-heparin 
washing method demonstrated a definite improvement (Figure 12) when compared to 
the normal treated ones (Figure 11). The image-quality was significantly improved, 
which allowed a simple differentiation between internalized and uninternalized NPs to 
the DCs in either represented images. The same HBSS-heparin washing method was 
applied to HaCaT cells after 2 h of NP-exposure (Figure 13). Qualitative analysis of 
the NP-uptake behavior with CLSM using the HBSS-heparin washing method matched 
with the quantitative data obtained by flow cytometry. Both methods revealed a higher 
NP-internalization for DCs over HaCaT cells.  





Figure 11: Representative confocal microscopy images for DC2.4 cells exposed to DiD_CS-
PLGA NPs. DC2.4 cells were incubated for 2 h with labeled NPs of different concentrations (40 – 160 
µg/mL) and NP-excess was removed by pre-warmed HBSS-buffer. Control images show cells without 
any treatment. (A) Merged images, (B) 3-dimensional (3D) visualization and (C) Cross-section. Scale 
bar 50 µm. 





Figure 12: Representative confocal microscopy images for DC2.4 cells after treatment with the 
HBSS- heparin method. Using HBSS supplemented with heparin in the washing step, improved image 
quality and aided to the differentiation between internalized DiD_CS-PLGA NPs (applied in different 
concentrations) to DCs from non-internalized NPs in all images and for all tested concentration ranges. 
(A) Merged images, (B) 3-dimensional (3D) visualization and (C) Cross-section. Scale bar 50 µm. 





Figure 13: Representative confocal microscopy images for HaCaT cells. Cells were exposed to 
different concentrations of DiD labeled NPs and NP-excess was removed using HBSS-heparin in the 
washing step and images were obtained by CLSM. (A) Merged images, (B) 3-dimensional (3D) 
visualization and (C) Cross-section. Scale bar 50 µm. 
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3.2.4 Uptake Behavior of PLGA and CS-PLGA NPs in Primary Human Immune 
Cells from PBMC 
 
See also chapter 6.1, Yasar and Duran et al. (2018) Nanomedicine: NBM; in reply. 
 
 
The studies in section 3.2.2 and 3.2.3 ought to give an in-depth understanding about 
the NP cell-interaction once they enter the body and encounter cells. However, 
adequate knowledge about the mechanistic of cellular-internalization after topical 
application purposing transfollicular vaccination requires a more profound analysis of 
NP-effects on primary cells isolated from skin. 
 
As the availability of fresh skin is limited, we pursued to use fresh blood from healthy 
donors, isolated immune cells and characterized the influence of our NPs in 
cooperation with the Center for Experimental and Clinical Infection Research, 
Twincore in Hannover.  
 
It has been widely described that nanoparticles made of inorganic materials may 
cause a variety of different immune effects (e.g. activation of the complement system, 
anti-inflammatory effects) observed either in vivo or in vitro [101] or act as adjuvants 
which would be beneficial for vaccination purposes. However, in most nanomedicine 
particles should be employed as delivery systems for a variety of cargos, but not 
interact with the immune system in order to avoid any adverse immunological effects. 
Therefore, it is of crucial knowledge to understand the behavior of those materials on 
immune cells obtained from human origin to attain quick translation into clinical studies 
as a further perspective. Such knowledge is also important for carriers intended for 
vaccination, as it may affect the type of immune response and help in selection of a 
suitable adjuvant type and amount. 
 
This study aimed to employ peripheral mononuclear blood cells (PBMC) from human 
origin as an attractive ex vivo model for the in-depth characterization of our drug-free 
NPs. We herein used two opposite charged drug-free NPs, cationic CS-PLGA NPs 
and anionic PLGA NPs systematically compared them with each other. Either type of 
NP has been previously used for transfollicular vaccination [2].  




Thus, NP-internalization behavior in PBMC, intracellular fate and immunomodulating 
properties towards monocyte-derived dendritic cells (moDCs) were assessed by using 
FA- labeled PLGA and CS-PLGA NPs for the analysis with flow cytometry and CLSM. 
The produced anionic PLGA (PDI of ~0.01 and ζ-potential of approx. -20 mV) and 
cationic CS-PLGA NPs showed a narrow size distribution and a hydrodynamic size 
below 200 nm with spherical and smooth surface morphology. 
 
As the physicochemical properties of nanosized materials, their morphology and 
aggregation behavior under physiological conditions are crucial for the NP-cell 
interaction [84, 91, 134], the physical stability was assessed in CellGro® cell culture 
and conditioned medium harvested from cultured cells. NPs were tested at different 
concentrations (10 – 120 µg/mL) in the appropriate medium for 2 or 4 h at 37°C. 
Independent from surface-potential, the NPs at 60 µg/mL remained overall stable 
under both medium conditions (Figure 14), which were also used for all ex vivo 
studies. 
 
We then continued to analyze the kinetics of NP-internalization for both NP-types in 
primary human immune cells within PBMC, which were isolated by a Ficoll density 
gradient (Figure 15). As PBMC comprise a variety of immune cell types, the 
frequencies of each immune cell subset were first quantified by immunolabeling of 
PMBC with fluorescent-coupled antibodies against CD3, CD19, MHC-II, as well as 
CD14, and the samples were measured by flow cytometry. When single cells were 
selected, T cells were defined as CD3+ CD19- cells and B cells as CD19+ CD3- cells, 
whereas the CD3- CD19- population was further discriminated in MHC-II+ CD14+ 
monocytes and MHC-II+ CD14- DC. Thus, PBMC comprised ~60% T cells, ~5% B 
cells, ~20% monocytes, and ~15% dendritic cells (Figure 15). 
 





Figure 14: Physical stability of opposite charged NPs under physiological conditions. Stability 
test for non-labeled PLGA and CS-PLGA NPs in (A) CellGro® medium and (B) conditioned medium 
harvested from cultured moDCs. Hydrodynamic size and PDI were measured by DLS. N = 3, mean ± 
SD. 
 
Impressively, despite the higher frequencies of lymphocytes (T cells and B cells) within 
the PBMC, they revealed almost no uptake when in contact with either type of NPs. 
Monocytes and DCs though, indicated the highest uptake with nearly 80% after 4 h of 
NP-exposure (Figure 16), indicating a preferential NP-uptake by APCs. 
A similar observation has been earlier reported by Greulich et al. [111] where the cell-
specific response of PBMC to silver nanoparticles was characterized, which showed 
preferential uptake in monocytes over T-cells.  
Zolnik et al. [103] further described that NPs are often firstly captured by phagocytic 
cells, such as monocytes, which is comparable to our findings. Furthermore, a surface 
charge dependent uptake was not observed. Thus, the FA-PLGA and CS-FA-PLGA 
NPs showed preferential uptake by APCs even without further surface-
functionalization needed for a specific cell targeting. 
 







Figure 15: Human immune subsets in peripheral mononuclear blood cells (PBMC). (A, B) Human 
PBMC are isolated from blood donors using a Ficoll density gradient centrifugation. (C) Human PBMC 
were stained with fluorescent-coupled antibodies specific for CD3, CD19, MHC-II, and CD14 and T 
cells, B cells, monocytes and dendritic cells were each classified as indicated for one representative 
donor. (D) Frequencies of cell subsets identified within PBMC from N = 11 donors. 
 
 





Figure 16: NP-association in PBMC subsets at 37°C. Anionic FA-PLGA and cationic CS-FA-PLGA 
NPs are preferentially internalized by primary human APCs. The amount NP-uptake was determined 
using flow cytometry by measuring the percentage of FA positive cells for (A) T cells, (B) B cells, (C) 
monocytes and (D) dendritic cells. N = 11, mean ± SEM (two-tailed Wilcoxon test, **p ≤0.002, *p 
≤0.0322). 
 
As both NPs-types showed similar efficient uptake in monocytes and DCs, we wanted 
to get a clear picture of their internalization behavior, intracellular trafficking, and 
immune safety profile specifically towards DCs. They represent the most professional 
antigen presenting cells with the capability to initiate both innate and adaptive 
immunity [103, 132]. Thus, CD14+ cells were isolated from PBMC by magnetic cell 
sorting and further differentiated into immature moDCs by using granulocyte-
macrophage colony-stimulating factor (GM-CSF) as a general growth factor and 
interleukin-4 (IL-4) as cytokine. Cells were incubated 5 days to allow their 
differentiation (Figure 17).  
 
We first analyzed the cell viability of moDCs exposed to different concentrations of 
anionic FA-PLGA and cationic CS-FA-PLGA NPs for 4 h and quantified the percentage 
of dead cells using a live-dead staining kit with heat-killed moDCs as a positive control. 
 





Figure 17: Differentiation of monocyte-derived DCs (moDCs) from human blood. PBMC were 
obtained from donors, from which the monocytes were isolated using CD14+ MACS sorting method. 
The isolated monocytes were further incubated with GM-CSF and IL-4 for 5 days resulting in monocyte 
derived dendritic cells. The moDCs were then seeded on 48 well plates and either exposed to FA-PLGA 
or CS-FA-PLGA NPs for predetermined time-points to characterize NP-cellular internalization behavior.  
 
Both NP types showed a low cytotoxic effect when exposed to moDCs (Figure 18 A). 
We further characterized the kinetics of internalization by moDCs for either type of NP-
system (60 µg/mL) at three different time-points. The moDCs were exposed to both 
types of NPs for 2, 4 or 24 h and the percentage of green fluorescent positive cells 
was measured by flow cytometry.  
 
While cationic CS-PLGA NPs revealed a significant stronger fluorescence shift over 
the tested time-points with ~70% of fluorescence positive cells after 24 h, the anionic 
PLGA NPs showed a time-independent cell internalization with nearly 40% of detected 
positive cells (Figure 18 B). These results correlated with the outcome of the uptake 
studies performed in DC2.4 cell line [81], indicating an efficient uptake behavior of 
cationic CS-FA-PLGA NPs. Whereas anionic FA-PLGA NPs revealed a significantly 
lower uptake. This is explicable by the fact that moDCs express receptors like the 
mannose receptor (MMR), Dectin-1 and  toll-like receptor (TLR) 2 on their surface 
enhancing cellular uptake [135–138] and are also associated with CS recognition. 
Using a CS surface coating of FA-PLGA may lead to receptor-mediated endocytosis 
of CS-FA-PLGA NPs in comparison to a non-specific uptake of FA-PLGA NPs.  
 
Due to that fact, we analyzed the mechanism of uptake by studying the intracellular 
localization of both NP-types within moDCs, and found a higher colocalization of CS-
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FA-PLGA NPs within the early and late endosomes, while FA-PLGA NPs had a 
tendency to localize more in the lysosomes (see chapter 6.1). These results further 






Figure 18: NP-association in moDCs. (A) The cytotoxicity of moDCs upon NP-exposure was assayed 
using a Zombie AquaTM dye to evaluate the percentage of dead cells. Black arrow points to the used 
concentration. Data kindly provided by Veronica Duran. (B) Kinetics of NP-uptake were performed for 
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Additionally, we did not observe any immune activation of moDC according to the 
expression MHC-I, MHC-II, CD11c, CD86, CD40 and MMR after treatment with both 
types of NPs (see chapter 3.5.1). The observed up- and down-regulation of the MMR 
upon CS-FA PLGA-treatment may correlate with the hypothesis of Han et al. [138] 
describing the MMR as the main receptor involved in the recognition of chitosan 
derivatives. 
 
These results demonstrated that the plain NPs are safe vehicles attractive for antigen-
delivery preferentially to APCs, revealing an efficient uptake in APCs without 
immunostimulatory or -modulatory effects. With its cationic surface charge, CS-PLGA 
NPs would enable complexation with anionic mRNA, which is an interesting cargo to 
be delivered to APCs in order to ensure mRNA-based vaccination. This mRNA-based 
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3.3 Interaction of CS-PLGA NPs with Mucus 
 
See also chapter 6.2, Murgia et al. (2017), EJPB  
 
In the chapters before, we discussed how NP-delivery systems could overcome the 
skin (via the hair follicles) as well as cellular barriers and performed in-depth 
characterizations of their internalization behavior in vivo, in vitro and ex vivo pointing 
towards the application of the NPs for mRNA-based vaccination via the transfollicular 
route. However, the mucus barrier has been often neglected in in vitro studies [48] 
especially for the assessment of drug delivery systems aiming towards mucosal 
vaccination. Overcoming the mucus barrier in order to reach the underlying tissue and 
evoke either a local or a further systemic action is no small task.  
Due to the cross-linking of mucin fibers, the mucus attains a mesh-like structure [48], 
in which pore-sizes are highly heterogeneous with variable size distribution [139] 
causing steric hindrance to NP-penetration. In the current case of mRNA delivery, 
overcoming the mucus layer would lead to NP-uptake by underlying epithelial cells 
and hence ensure their transfection. Therefore, the present study aimed among others 
to analyze the interaction of the previously described cationic coated CS-PLGA NPs 
with a novel established in vitro model based on the cystic fibrosis cell line CFBE41o- 
grown under liquid-liquid conditions with subsequent addition of freeze-dried native 
human mucus on the surface.  
Hereby, DiD-labeled CS-PLGA NPs were used to visualize the uptake. When the NPs 
were exposed to naked CFBE41o- cells, a significantly higher uptake was observable 
in comparison to CFBE41o- cells with an additional mucus layer on the surface [48]. 
This observation could be explained by the fact, that our cationic CS-PLGA NPs with 
the size of approx. 160 nm might stuck inside the mucin fiber mesh, and could further 
interact with their negative charged sialic acid-rich glycan side-chains hindering the 
subsequent cellular uptake [48, 140]. As thus, the efficiency of our NP-system to 
deliver specific bioactive would be dramatically reduced for mucus-covered epithelia.  
Considering the transport of mRNA to the underlying epithelial cells, mucosal delivery 
represents even a bigger challenge and sets the requirement to enhance our NP-
system in order to cross the mucosal barrier. 
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3.4 mRNA-HA:CS-PLGA NPs for Transfollicular Vaccination: In Vivo 
Adoptive Transfer in HA-Transgenic Mice 
 
The performed studies described in the previous chapters supported the 
comprehension about the mechanistic behind the cellular and transfollicular uptake of 
our cationic CS-PLGA NPs. We showed that CS-PLGA NPs were efficiently 
internalized into immune cells causing no adverse immunological effects.  The in vivo 
data further suggested that CS-PLGA NPs were able to penetrate inside the lower hair 
follicle and showed signs of accumulation. These characteristics make the cationic 
NPs an efficient and safe delivery system for transfollicular vaccination. As we could 
not pursue with the idea to incorporate the HA-antigen into the NP-system, we 
continued with nucleic acids as cargo for our NPs and evaluated the potential of our 
NP-system for TF-vaccination.  
Nucleic acid-based therapeutics gained strong attention as alternatives for 
conventional vaccine strategies using either killed pathogens, pathogen subunits or 
live-attenuated viruses [141, 142]. As thus, the first attempt was made using pDNA 
encoding a specific antigen as a vaccine component delivered by liposomes or 
microparticles resulting in an increased uptake of pDNA by cells [142]. However, 
pDNA-based delivery systems permitted low transgene expression especially in non-
dividing and hard-to-transfect cells e.g. DCs and macrophages [141], which constitute 
an interesting target for the induction and regulation of antigen-specific immune 
responses. To ensure a safe and potent cargo with facilitated transgene expression, 
we therefore focused on the incorporation of a mRNA to the NP-system. The selected 
mRNA encodes the vaccine-relevant antigen hemagglutinin (mRNA-HA). In 
comparison to pDNA, mRNA permits unique advantages as it starts the protein 
translation within the cytoplasm and yields faster protein expression [60, 81]. 
 
We kindly received the mRNA-HA from CureVac-the RNA people® from 
Tübingen/Germany and complexed it with CS-PLGA NPs. The cationic amine group 
of chitosan facilitates electrostatic interaction with the anionic charged mRNA to the 
surface of cationic NPs [81] leading to the formation of mRNA-HA complexed CS-
PLGA NPs (mRNA-HA:CS-PLGA NPs). As the mRNA-HA condensation to the 
particles might show limitations regarding particle-aggregation at lower mRNA-
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HA:NPs ratios, conditions of these studies were chosen using mRNA:NPs weight 
ratios (w/w) ranging between 1:15, 1:20, 1:25 and 1:30. The mRNA-HA was post-
loaded onto the surface of CS-PLGA NPs with the purpose to avoid exposing the 
mRNA to harsh conditions during the production procedure and fast release upon 
certain physiological triggers [81, 82]. mRNA-HA complexed NPs at all tested weight 
ratios revealed a spherical and evenly shaped surface morphology (Figure 19 A - D). 
A drop of the ζ-potential from +31 mV for plain NPs to approx. +17 mV was observable 
for all mRNA-HA:CS-PLGA NPs ratios presumably due to a partially charge 
neutralization of cationic particles with the anionic polynucleotide [81]. The  process of 
mRNA-loading may had raised the risk for particle-aggregation as observed for w/w of 
1:15 (Figure 19 A) with an increased size of ~177 nm following a broader size 
distribution profile with the highest PDI of approx. 0.31 (Figure 19 E). We have made 
similar observations when CS-PLGA NPs were complexed with a mRNA encoding the 
reporter gene mCherry and showed that lower w/w ratios had a higher tendency to 
aggregate [81].  
 
In the next step, we characterized the probability of the mRNA-HA complexed CS-
PLG NPs to induce an immune response by in vivo adoptive transfer experiments 
using HA-transgenic mice. Thus, the ratio of 1:15 and 1:20 were tested with and 
without the co-administration of the adjuvant c-di-AMP via the transfollicular route and 
HA protein (from H1N1) plus c-di-AMP as positive control via the subcutaneous route 
(Figure 20 A). Two days before the immunization via the TF-route, mice hair were 
depilated using VEET cream. A dose of 5 µg of mRNA-HA was applied per mouse by 
gently massaging the mRNA-HA:CS-PLGA NPs. The positive control was injected 















Figure 19: Morphological appearance and colloidal properties mRNA-HA complexed CS-PLGA 
nanoparticles (mRNA-HA:NPs). (A- D) SEM and TEM-images obtained for mRNA-HA:CS-PLGA NPs 
at w/w ranging from 1:15 – 1:30. NPs were stained with 0.5% wt/V of PTA for TEM-images (E) 
Physicochemical properties of all tested ratios. Samples with a ratio of 1:15 and 1:20 indicated in bold 









Figure 20: In vivo adoptive transfer experiment in HA-transgenic mice. (A) Experimental setup for 
all tested groups, either with or without the adjuvant c-di-AMP using the transfollicular route. The 
percentage of (B - C) CD4+ and (D - E) CD8+ T cells proliferation was quantified using flow cytometry 
for both the lymph nodes (LNs) and spleen of mice. N = 5, mean ± SD. Data kindly provided by Simon 
Delandre. 
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For both sampled organs, all tested groups showed low CD4+ T cells proliferation at 
the same level of the background (negative control) compared to the positive control 
(Figure 20 B –C). A high level of CD8+ T cells proliferation was observable for all 
tested groups (Figure 20 D – E). However, the plain CS-PLGA NPs (negative control) 
showed similar CD8+ titers as the other groups with mRNA and the positive control. 
 
We encountered several factors playing a crucial role in the obtained outcome of the 
in vivo adoptive transfer experiments via the TF-route using our mRNA-HA loaded CS-
PLGA NPs. As such, either (i) the used NP-system, (ii) applied dose of mRNA-HA or 
(iii) the transfollicular route may represent limiting parameters in the achievement of 
an effective immune response. 
 
Previously, Raber et al. [38] analyzed the follicular uptake efficiency of different coated 
NP-systems applied onto the skin of human volunteers and showed that only ~2% of 
NPs with a cationic surface potential penetrated inside the HF, while ~81% were found 
on the skin surface. Whereas, lipophilic or negatively charged NPs revealed a higher 
tendency for follicular uptake with nearly 5%. As such, only ~1.5% of CS-PLGA NPs 
were found in the HF [38]. Taking this fact under consideration, applying our net 
positive charged mRNA:CS-PLGA NPs would similarly lead to a loss of more than 
80% of NPs on the mouse skin. The penetrated small amount of mRNA:NPs further 
would have to be internalized by the perifollicular APCs, to cause a transgene 
expression of HA and subsequently a presentation of the antigen-fragments on MHC 
classes. Consequently, the chances for an effective in vivo transfection drops using 
cationic NPs. On the other side, a cationic surface potential of the particles is highly 
required for the complexation of mRNA as well as for an enhanced cellular uptake as 
discussed in chapter 3.2.4.  
Thus, to counter this limitation, either the NP-system needs improvement to be potent 
enough to deliver the necessary mRNA dose to the APCs and/or the applied mRNA 
dose per mouse must be increased in future studies. Petsch et al. [143] used a high 
dose of 80 µg of mRNA-HA and injected intradermally to BALB/c mice. However, 
comparable to the intradermal or subcutaneous route, the transfollicular route is 
associated with higher challenges for mRNA-vaccination using NPs and therefore 
demands an optimal tuning of all involved parameters. 
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3.5 Development of Safe and Efficient NPs to Deliver Nucleic Acids 
 
3.5.1 Starch-Chitosan Polyplexes for pDNA Delivery 
 
See also chapter 6.3, Yasar and Ho et al. (2018) Polymers. 
 
 
The aim of the present study was to design and optimize an efficient delivery system 
for nucleic acids made of materials from renewable resources in an organic solvent 
free synthesis in order to fulfill the strict requirements of the biomedical field [32]. As 
thus, the selected excipients should be biocompatible and biodegradable, safe, at the 
same time enable good drug loading capacity, and deliver genes efficiently to the 
target cells. In addition to that, the engineering aspects of the used materials should 
qualify to be environmentally friendly and facile producible. Therefore, a variety of 
different polymeric materials have been synthesized to develop drug delivery vehicles 
by either including them inside the polymeric matrix or loading them onto the surface 
of the particles [33]. However, the amount of such polymers with the further property 
of being water-soluble suitable for biomedical use is still limited, but highly desired. 
Particularly, natural and gently modified polysaccharides, e.g. chitosan, alginate, 
starch or dextrin with their synthetic derivatives have been considered as efficient 
candidates for nanocarrier systems [144, 145].  
Hence, this work focused on the development of a flexible and facile NP-system based 
on the advantageous properties of the natural polysaccharides, starch and CS, and 
their potential to deliver pDNA. Starch is a polysaccharide, which is naturally degraded 
by α-amylase and widely used in pharmaceutical applications [146]. As natural starch 
is not water-soluble, we gently chemically modified and synthesized starch derivatives 
with fractional molecular weight (Mw) ratios according to Yamada et al. [79] , in which 
the preparation of partially oxidized starch derivatives was reported and further used 
as a platform for gene delivery.  
Thus, anionic starch with Mw > 100 kDa and commercially available chitosan 
derivatives using either oligo chitosan Mw ~5 kDa or ProtasanTM Mw ~90 kDa were 
used as the main components to formulate the nanocarrier systems. The partially 
oxidized starch carries a carboxylate functional group with a net negative charge that 
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facilitates complex coacervation with the net positive charged amine functional group 
of chitosan in aqueous solution resulting in polyplexes. In order to obtain particles with 
high colloidal stability, we carefully tuned the molar ratio between the carboxylate and 
amine functional group, the polymer concentration and further the polymer type. The 
preparation within this study represents a step forward from the approach reported by 
Barthold et al. [147].  
 
In the first step, we engineered plain starch-chitosan polyplexes composed of starch 
(Mw > 100 kDa) and oligo chitosan leading to anionic core polyplexes (anCP) carrying 
a negative ζ-potential (Figure 21 A), which enabled a further surface coating with 
Protasan resulting in cationic-coated polyplexes (cCP) (Figure 21 B). The plain 
polyplexes revealed a smooth and spherical surface shape with a narrow size-
distribution profile and low cytotoxic effects tested on A549 cells (see chapter 6.3). 
The colloidal stability of both polyplexes was explored at different pH values (from 3.5 
to 8.0) relevant for various administration routes. Regarding our TF-application, the 
particles have to be stable under slightly acidic conditions, since the natural pH value 
of the skin is approx. 5 [148]. Both polyplexes were stable under these conditions, 
making them suitable for skin application purposes. The produced anCP further 
retained their stability under storage conditions for over 27 days. 
In the next step, we assessed the potential of the novel NP-system to deliver pDNA 
efficiently by in vitro transfection studies in A549 cells. Thus, we used pDNA encoding 
the green fluorescence protein pAmCyan as a model nucleic acid and incorporated it 
inside the anCP with an additional pDNA complexation (w/w of 1:30) onto the surface 
of cCP resulting in pAmCyan double loaded cCP (Figure 21 C), achieving a 
encapsulation efficiency (%EE) of 94% [32]. 





Figure 21: Preparation of starch-chitosan polyplexes for gene delivery. Represented schematic 
illustration has been published in Yasar et al. [32]. 
 
The transfection efficiency was evaluated after 48 – 96 h post-transfection using CLSM 
and flow cytometry. pAmCyan double loaded cCP mediated a protein expression rate 
of 5% after 48 h, whereas the positive control jetPRIME® (commercially available 
transfection reagent) caused a transfection efficiency of 45%, which rapidly decreased 
after 96 h to only 25% (Figure 22). Presumably, the high stability of the condensed 
pDNA within the polyplexes may have led to an incomplete release within the 
cytoplasm and hence less transfection rate [149, 150]. As mentioned in the chapters 
before, the amount of positive charged particles found within the hair follicles is very 
low, which in return means that only a low rate can be further internalized by 
perifollicular APCs. An additional low transfection rate of 5 % using our polyplexes 
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would reduce the chance for an efficient transfection by the administration route. We 
therefore focused in the upcoming study to design a more efficient NP-system with 




Figure 22: Transfection studies in A549 cells using pAmCyan double loaded cCP. (A) CLSM-
images of transfected cells (green fluorescence signal: successful transfected cells; red: cell 
membrane; blue: cell nucleus; scale bar 50 µm). (B) Quantification of the transfection efficiency by flow 
cytometry. N = 3, mean ± SD. Images are modified from Yasar et al. [32]. 
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3.5.2 Lipid-Polymer Hybrid NPs Carrying mRNA-mCherry as Reporter Gene to 
DC2.4 Cell Line 
 
See also chapter 6.4, Yasar et al. (2018) Journal of Nanobiotechnology 
 
As discussed in chapter 3.4, mRNA-based vaccination represents an innovative and 
promising alternative to pDNA-based strategies. Hence, a variety of different NP-
systems have been manufactured using either polymer-based [77, 78] or lipid-based 
[73–76] NP-systems to replace the traditionally used viral-vectors for mRNA-delivery 
[68]. Nevertheless, the development of appropriate mRNA-delivery systems with high 
transfection efficiency and low cytotoxicity remains a challenge. Therefore, the 
objective of this study was to design a potent and safe NP-system that would efficiently 
deliver mRNA and should induce a high transgene expression rate in APCs. We 
focused on a new class of NP-system combining the beneficial properties of  lipid and 
polymer carriers, hence we produced a lipid-polymer hybrid system (LPNs) [82, 87] 
and analyzed the kinetics of their cellular-internalization behavior within DCs.  
Additionally to that, Raber et al. [38] discussed the tendency of cationic and lipophilic 
NPs to preferentially accumulate within the hair follicle in a higher amount. The before 
mentioned findings concerning the surface characteristics are important for a 
successful TF-vaccination. 
 
The LPNs were designed using PLGA as the main core with a cationic surface coating 
using the lipid 1, 2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) [81]. 
These lipid-coated PLGA NPs were produced using a modified double-emulsion 
method as described earlier by Jensen et al. [92]. We further compared the lipid-
coated PLGA NPs with the well-established CS-PLGA NPs and kept all processes 
during the production equal to allow for comparison. All plain NPs were characterized 
for their morphological structure, physicochemical properties, and colloidal stability 
under physiological as well as storage conditions. Further, their cytotoxic effects were 
evaluated in vitro in DC2.4 cells. The plain NP-systems revealed a spherical and 
evenly shaped surface morphology and additionally indicated a core-shell structure 
with both particles having a positive ζ-potential and a narrow size-distribution profile 
with a hydrodynamic size of ~230 nm (PDI ~0.1) for LPNs and ~150 nm (PDI ~0.1) for 
CS-PLGA NPs [81]. As important for biopharmaceutical application, both NP-systems 
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retained their colloidal stability in different physiological media (HBSS-buffer, cell 
culture medium DMEM, and DMEM plus 10% FCS). The LPNs remained stable when 
tested under storage conditions exposed to room temperature and 4°C and revealed 
low cytotoxic effects with up to 80% cell viability at 100 µg/mL particle concentration, 
when tested with a live-dead staining kit in DC2.4 cells.  
To evaluate the potential of the lipid-coated PLGA NPs to deliver mRNA, a model 
mRNA encoding for the fluorescent protein mCherry was complexed onto the cationic 
surface of the NP-system at various ratios and the kinetics of cellular-uptake and 
further transgene expression were assessed at pre-determined time-points. The 
mRNA complexed NPs showed positive ζ-potential for w/w ratios of 1:20 and 1:30, 
while the tested w/w ratio of 1:10 had slightly lower surface potential with a broader 
size-distribution profile respectively [81].  
While cellular-association of either type of NPs with (Figure 23 A) and without (Figure 






Figure 23: Cellular association of LPNs and CS-PLGA NPs in DC2.4 cells. The association of either 
NP-type was measured using the mean fluorescence intensity (MFI) of FA-labeled particles (A) with 
and (B) without mRNA complexation in the FITC-channel. N = 4, mean ± SD. Histograms were modified 
from Yasar et al. [81].  
 
However, unlike mRNA:CS-PLGA NPs, mRNA:LPNs indicated an impressive 
transfection efficiency of ~80 % already after a 4 h time-course with a decay after 24 
and 48 h post-transfection (Figure 24 A), while mRNA:CS-PLGA NPs in comparison 
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showed the highest transfection rate of nearly 5% 24 h post-transfection (Figure 24 
B). However, CS-PLGA NPs had earlier shown their efficiency to delivery nuclease-
encoding mRNA following an intratracheal administration in an in vivo transgenic 
mouse model resulting in an efficient genome editing [151]. In another setting, 
intratracheal and intravenous application of our CS-PLGA NPs together with 
chemically modified mRNA encoding for the cystic fibrosis transmembrane and 
conductance regulator (CFTR) – used as a highly potent pulmonary drug – revealed 
a significant improvement of the lung function in in vivo mouse, indicating a promising 
approach for cystic fibrosis patients [80]. That implicates the importance of the 
administration route for mRNA-delivery. The differences within the transfection rates 
of both NP-types may relate to higher stability of condensed mRNA within LPNs over 





Figure 24: Kinetics of mCherry transgene expression in DCs after exposure to LPNs and CS-
PLGA NPs. (A) mRNA complexed LPNs (B) CS-PLGA NPs were quantified at different w/w ratios for 
their efficiency to transfect DC2.4 cell line. While LPNs showed a high transfection rate after 2 h upon 
particles exposure, CS-PLGA NPs revealed a slight transfection efficiency 24 h post-transfection. N = 
4, mean ± SD. Histograms were modified from Yasar et al. [81].  
 
When we tested a simultaneous uptake and protein translation of labeled and mRNA 
complexed LPNs for 4 h using a live cell fluorescence microscopy, we observed an 
  Main Findings of the Thesis 
54 
 
independent protein translation rate from the NP-uptake, with an exponential increase 
over a time-course of 4 h (Figure 25 A). Whereas, the uptake remained comparably 
similar over the same time for transfected and non-transfected cells (Figure 25 B). 
Meaning that the NP-uptake does not play a crucial role to induce subsequent 
transfection. As such, even if CS-PLGA NPs were efficiently taken up by the cells, they 
only caused a low transfection rate. Leonhardt et al. [78] described earlier a similar 
observation, in which eGFP coded mRNA was complexed to the commercially 
available transfection reagent Lipofectamine2000® that further induced a fast protein 
expression after 3 h upon exposure to A549 cells. Our studies clearly underline the 
transient nature of mRNA [75, 78] as the protein translation starts within the cytoplasm 
and the importance to evaluate the kinetics of mRNA translation delivered by NP-
systems. The knowledge about the kinetics may foster the generation of precise 





Figure 25: Live cell fluorescence microscopy of DCs when exposed for 4 h to labeled and mRNA 
complexed LPNs. (A) Time-dependent increase of mCherry protein translation (red signal) with mRNA 
complexed LPNs. (B) Transfected and non-transfected cells reveal similar time-independent cellular-
uptake. n = 3, mean ± SD. Histograms were modified from Yasar et al. [81].  
 
Our transfection studies using three different NP-types indicated that the cationic LPNs 
outperform the CS-PLGA NPs as well as starch-chitosan polyplexes when delivering 
nucleic acids. Quite impressed by such data, the LPNs were complexed with the 
mRNA-HA and analyzed for their potential to induce HA transgene expression and 
hence an immune response via the transfollicular route. 
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3.5.3 mRNA-HA:LPNs for In Vivo Adoptive Transfer in Mice: Comparing 
Transfollicular with Subcutaneous Route 
 
This study aimed to evaluate the potential of the novel NP-system, lipid-coated PLGA 
NPs as delivery vehicle for mRNA-HA in vivo in adoptive transfer experiments. Thus, 
mRNA-HA complexed LPNs (mRNA-HA:LPNs) with a w/w of 1:20 were tested via the 
TF-route, and the outcome was additionally compared to the subcutaneous route with 




Figure 26: In vivo adoptive transfer using mRNA:LPNs via transfollicular and subcutaneous 
route in HA-transgenic mice. (A) Experimental setup for in vivo adoptive transfer studies (Adj stands 
for the adjuvant c-di-AMP), (B) CD4+ and (C) CD8+ T cells proliferation obtained lymph nodes (LNs). 
Data kindly provided by Simon Delandre. 
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We further increased the applied mRNA-HA dose per mouse up to 20 µg (Figure 26 
A). The lymph nodes (LNs) were sampled 6 days post-immunization and the 
percentage of CD4+ and CD8+ T cells proliferation rate was quantified by flow 
cytometry. Even here, the TF-route could not induce a significant T cells proliferation, 
when compared to the subcutaneous route, which elicited nearly 60% CD4+ and 
approx. 80% CD8+ T cells proliferation when applied without an adjuvant (Figure 26 
B, C).  
 
Even our, according to the in vitro assessment in DCs, potent LPNs was not able to 
induce sufficient immune response in vivo via the transfollicular route, which further 
underlines the challenge for this administration pathway. Apart from the fact that only 
a few percentages of NPs would penetrate inside the hair follicle, it further represents 
also an immune-privileged area as described by Christoph et al. [152], upon 
characterization of the amount of various immune cells around human hair follicles. It 
was reported that the proximal hair follicle contains low number of macrophages and 
Langerhans cells, which are mainly in charge of MHC-I or MHC-II antigen 
presentation.  
 
Thus, mRNA-delivery using the TF-administration route seems quite challenging as 
mRNA with its transgene products is recognized as intracellular or endogenous 
antigen by APCs continuing with their presentation on the MHC-I class. Lack of this 
type of APCs around the hair follicles consequently may have reduced the chances 
for successful transfection. However, even if the skin would hold abundant APCs, the 
present tight junctions presumably would restrict their smooth migration along the hair 
follicles, which likely prevents the further NP-cellular internalization. This may explain 
the observed results, when comparing the TF-route to the SuC one, in which the 
mRNA was directly injected to the skin, which certainly facilitates NP-cell uptake and 
hence antigen-presentation to CD4+ or CD8+ T cells. 
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4 Conclusion and Perspectives for Future Investigations 
 
Skin-targeted NP-systems without weakening the protective stratum corneum barrier 
remain the most attractive approach for simplified future vaccinations. The studies 
performed within this thesis report detailed investigations of NP-cell interactions with 
an immune cell line of mouse origin (DC2.4), human epithelial cell lines (HaCaT and 
A549) and primary human immune cells. We further developed successfully new NP-
systems composed of biodegradable and biocompatible polymers and assessed their 
potential for nucleic acid delivery, with the focus on mRNA, which remains a 
demanding cargo to deliver.  
Not unexpectedly, several challenges for mRNA-delivery were encountered, 
specifically by aiming for the transfollicular route. A very potent NP-system to 
sufficiently deliver mRNA was needed and hence we produced two new carrier 
systems comprising starch-chitosan polyplexes and lipid-polymer hybrid nanoparticles 
and compared them with the well-established chitosan-coated PLGA NPs. When 
assessing all NP-systems, the LPNs revealed a higher potency to deliver mRNA. 
In vitro experiments with dendritic cells revealed a superior and rapid protein 
translation rate for LPNs complexing mRNA (coding for a reporter gene) in comparison 
to CS-PLGA NPs. We further conducted an in-depth characterization of the mRNA 
protein translation kinetics within DCs aiming to improve the understanding of mRNA’s 
transient nature as needed for future manufacturing of precision nanomedicines. With 
the focus on using our particles for non-invasive transfollicular vaccination, we 
replaced the mCherry reporter gene with a mRNA encoding the vaccine relevant 
antigenic fragment of the influenza virus (hemagglutinin; HA). The potential of this 
system to induce an effective immune response was evaluated in vivo in adoptive 
transfer experiments using HA-transgenic mice. Unfortunately, an immune response 
was only detected for the control condition by using our system via the subcutaneous 
route, but not for the non-invasive approach via the TF-route.  
 
Gene-vaccination by mRNA via the TF-route turned out to be challenging and 
obviously requires a more profound understanding of skin-structure around the hair 
follicles, NP-systems, and their subsequent cellular-internalization behavior. 
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Therefore, future investigations for transcutaneous mRNA-vaccination strategies 
should also consider alternative experimental settings.  
In order to still allow a minimally invasive vaccination-strategy, the produced 
nanoparticles complexing mRNA can be tested on the skin following the generation of 
micropores within the skin structure. A system for dermatological skin-microporation 
is commercially available and uses precise laser-light to create small pores in the skin. 
These pores would act as gates inside the skin, facilitate NP-skin permeation and may 
activate the innate immune system. By not relying on the immune-privileged hair 
follicles, this approach could possibly facilitate the internalization of NPs by skin-
immune cells, which seemed to be difficult via the hair follicles.  
 
As an alternative to generating immunity via the antigen encoding mRNA, the number 
of immunization boosts can be further minimized by using self-amplifying RNA as 
cargo. Such so-called replicons can drive high level expression of recombinant 
antigens, which stimulates both the innate and adaptive immune system and 
represents a benefit for influenza vaccinations [153].  
 
A better characterization of the NP-uptake mechanism and safety profile in primary 
human immune cells is mandatory, for future production of safe nanoparticles easy to 
translate into clinical trials. Combining genome editing tools like clustered regularly 
interspaced short palindromic repeats (CRISPR) and CRISPR- associated (Cas) 
biochemical methods with nanoparticulate delivery systems may foster the 
understanding of uptake and activation mechanism of immune cells, when specific 
pattern recognition receptors (PRR) are knocked down following the subsequent 
measurement of NP-influence on these cells. 
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